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Epistemic models of nature prove to be prob-
lematic in many settings, particularly in those in
which measurement procedures are ill-defined.
By contrast, in ontological models of nature,
measurement results are independent of the pro-
cedure used to obtain them. Quantum mechan-
ics, as a model of nature, is notoriously am-
biguous in this regard. If we assume that all
measurement results can be expressed in terms
of pointer readings, then any useful ontology
would need to unambiguously specify the posi-
tions of things. But the positions of pointers
are ill-defined in many relativistic and cosmo-
logical settings. One potential solution to this
problem presents itself in the solutions to the
Wheeler-DeWitt equation as developed by Har-
tle and Hawking. In this article we introduce
such a model in which these solutions to the
Wheeler-DeWitt equation serve as the ontology
of the model. We then show that, for any model
that admits these solutions as beables, the global
preservation of Lorentz invariance is incompati-
ble with global determinism. However, we also
show that an Everett-like interpretation that al-
lows for all possible mappings of the matter field
to the geometry and for all possible foliations
of these mappings as being equally real, might
solve this problem.
1 Background
Quantum mechanics is ostensibly a theory about the
results of measurements that are performed ‘on’ sys-
tems (objects). This act of measurement appears to
presuppose that something or someone (subject) must
be doing the measuring. That is, quantum mechan-
ics inherently includes epistemic elements. But, as Bell
pointed out, precisely where or when to draw a dis-
tinction between subject and object is not manifest in
the theory itself thus rendering the theory’s epistemic
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elements ambiguous [3]. Bell suggests that good phys-
ical theories should be able to say something concrete
about reality itself rather than about measurement pro-
cedures. This is particularly true in situations in which
the very concept of measurement can be ill-defined.
In contrast to epistemic models of nature that often
deal with measurement procedures, in ontological mod-
els, measurement results are independent of the proce-
dure used to obtain them. Bell refers to these concrete,
objective elements of reality as ‘beables’ in contrast to
the more ambiguous term ‘observables’ since they are
independent of observation [4, 6]. Bell’s aim was to un-
ambiguously represent the ‘positions of things’ which he
takes as referring to the positions of instrument point-
ers and argues that any ontology must adequately be
distillable to these positions [6]. In other words, Bell
assumes that the positions of instrument pointers have
a direct, one-to-one correspondence with some element
of physical reality. If an instrument pointer that mea-
sures some physical quantity A gives a value of exactly
a then the value a is an objective fact about the sys-
tem under consideration. Thus knowledge of the exact
position of an instrument pointer gives objectively true
information about the universe. So, for example, if the
instrument pointer corresponds to a voltage or current
reading, the assumption is that this tells us something
objectively true about an electric field. But unambigu-
ously specifying the positions of multiple pointer read-
ings, particularly in dynamical many-body systems and
in highly-relativistic or cosmological settings, can prove
difficult as Bell, himself, well knew.
Bell’s original theory of beables relied on the no-
tion of local causality. There have been a few at-
tempts to develop fully relativistic theories of local be-
ables [19, 20, 36] including extending Bohmian mechan-
ics to quantum gravity and cosmology [7, 31]. How-
ever, Healey has noted (and Bell, himself, also recog-
nized) that quantum field theories do not conform to
the principle of local causality even if their equations
are relativistically covariant and their observable alge-
bras satisfy a relativistically motivated microcausality
condition [26]. To the best of our knowledge, there have
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been only two attempts to develop a theory of beables
for quantum field theories that allowed for the existence
of non-local beables as a way around this problem. One
was first developed by Bell himself and has subsequently
been improved upon [8, 9, 32]. Bell’s approach includes
both local and non-local beables. A second approach
employing exclusively non-local beables was put for-
ward by Smolin [34].
In this article we review both Bell’s and Smolin’s pro-
posals in Sections 2 and 3 respectively, and note distinct
problems in each that make them unsuitable for unam-
biguously specifying the positions of things in relativis-
tic, field-theoretic, and cosmological settings. We then
propose an alternative theory of global beables in Sec-
tion 4 that is based on solutions to the Wheeler-DeWitt
equation that includes a set of constraints for the ge-
ometry, matter field, and action that would need to be
satisfied in order for the model to be considered fully
deterministic.
2 Field theories and beables
Local beables are specifically those beables that are con-
fined to some specific bounded region of spacetime [4, 5].
Specifically such beables must be associated with some
bounded set Q = {x, t} of spacetime coordinates where
Q is the subset of some metric space (M, g) where g
is a metric on M . Specifically beables defined for Q
are assumed to be determined by those corresponding
to any temporal cross section (i.e. spacelike slice) X
of the spacetime region R that fully encloses the past
light-cone of Q where X is a subset of R corresponding
to all possible values of x associated with the value tX .
This is shown for a single spatial dimension, x, in Fig. 1.
Bell refers to this condition as ‘local determinism’ and
it serves as the foundation for his development of a local
causal theory [4].
Fields, of course, are not strictly local since they exist
in a region of spacetime rather than at a single event.
In other words, the spacetime region defined by Q for
a field consists of a range of spacetime coordinate val-
ues, ∆x and ∆t as depicted in Fig. 1. Unambiguously
determining the position of something (e.g. a pointer)
however, requires specifying its exact coordinates. As
Bell notes, the obvious choice of a suitable beable here
would appear to be the energy density T00(x). However
the commutator [T00(x), T00(y)] is not zero and thus
the T00(x) do not have simultaneous eigenvalues for all
x. One can immediately see the problem this poses
for unambiguously specifying the positions of things.
As such, since ordinary matter is composed of fermions
and their locations are crucial for determining various
macroscopic properties including the positions of instru-
ment pointers, Bell’s solution was to instead consider
t
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Figure 1: Beables associated with the bounded region of space-
time Q are determined by those associated with any temporal
cross-section (i.e. spacelike slice) X of region R that fully
encloses the past light-cone of Q.
the lattice fermion particle density [6].
2.1 Lattice fermion number density
For simplicity, we begin by replacing the three-space
continuum with a dense lattice (which, in essence, quan-
tizes space a priori) while time remains continuous.
The lattice points are given by l = 1, 2, . . . , L where L
is assumed to be very large. The lattice point fermion
number operators can be defined as
Fˆ (l) ≡ ψˆ†(l)ψˆ(l) (1)
where we are assuming a summation over Dirac indices
and all Dirac fields. Strictly speaking, this is a number
density and thus measures the number of fermions at a
given lattice point [9]. The corresponding eigenvalues
are integers
F (l) = 1, 2, . . . , 4N (2)
where N is the number of Dirac fields. That is, F (l)
labels a particular configuration of the Dirac fields at
a given lattice point l. For example, for a single Dirac
field, N = 1 and thus F (l) = 1, 2, 3, 4 corresponding to
the four possible solutions to the Dirac equation. The
fermion number operator for the entire lattice is simply
the sum of the lattice point operators,
Fˆ =
∑
l
Fˆ (l). (3)
The fermion number configuration of the world, i.e.
precisely how the fermions in the universe are arranged
at any given instant of time t, is a list of such integers
(one for each lattice point),
n(t) = [F (1), F (2), . . . , F (L)]t (4)
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where the subscript t labels the set for a given time t.
This is the lattice fermion number configuration and it
serves as the local beable for a theory since it is as-
sociated with definite positions in space i.e. a definite
configuration of all fermions in the universe at a time
t [6]. To this Bell also adds the state vector |t〉 as a non-
local beable. The complete specification of the universe
at a time t is then given by the set T = {n(t), |t〉} where,
in accordance with the theory of local beables, n(t) is
associated with some bounded set of spacetime coordi-
nates Q. Since the configuration n(t) is exact, there
is no spread in the spacetime coordinates of any given
fermion at time t, i.e. the position of each fermion is
assumed to be known exactly. Thus Q is local in its
elements, i.e. each element is perfectly localized.
2.2 The Unruh effect
In order to construct a fermion number operator we first
briefly review the algebra of fermionic operators on an
antisymmetric Fock space [17, 23]. It is easiest to do
this using a momentum-space description rather than a
lattice description. We define the fermion creation and
annihilation operators by the following relations,
fˆ†k |1〉 = 0, fˆ†k |0〉 = |1〉 , (5)
fˆk |1〉 = |0〉 , fˆk |0〉 = 0, (6)
where we note that (5) follows from the fact that
fermionic Fock states can contain a maximum of a sin-
gle particle. In other words, the only two possible Fock
states for fermions are |0〉 and |1〉. Unlike the bosonic
operators, the fermionic operator algebra is defined by
the anti -commutators due to the antisymmetry of the
space, i.e.
{fˆj, fˆ†k} = δjk,
{fˆj), fˆk} = {fˆ†j , fˆ†k} = 0. (7)
Multi-particle fermionic number states can then be con-
structed from the vacuum state as
|n0, n1, . . .〉 = (f†1 )n1(f†0 )n0 |0〉 . (8)
Note that (8) does not represent the lattice fermion
number density given in (4). We are still working with
a momentum-space description here.
We then define the fermion number operator as
Fˆ ≡
∫
d3kfˆ†kfˆk. (9)
We only obtain the discrete fermion number operator
of (3) in the lattice approximation, i.e.
Fˆ → Fˆ (lattice approximation). (10)
For simplicity, let us consider only the lowest eigen-
mode in the Minkowski vacuum |0M〉. The expectation
value of the fermion number operator gives the number
of fermions that we would expect to see in the vacuum.
For the lowest eigenmode this is
〈0M| Fˆ |0M〉 = 〈0M| fˆ†0 fˆ0 |0M〉 = 0 (11)
which follows from (6). In other words any inertial ob-
server in the Minkowski vacuum would not expect to
detect any fermions in the lowest eigenmode.
Now consider an accelerated observer in this same
Minkowski vacuum. We define coordinate transforma-
tions as
t = ±e
aξ
a
sinh(aτ)
x = ±e
aξ
a
cosh(aτ) (12)
where τ and ξ are the Rindler time and space respec-
tively and a is a parameter corresponding to the proper
acceleration of an arbitrarily chosen reference trajec-
tory. The signs require that we define two coordinate
patches that we will denote I (x > 0) and II (x < 0).
Within each coordinate patch we define creation and
annihilation operators such that, for example, in region
I we have fˆ†k,I |0I〉 = |1I〉 and fˆk,I |0I〉 = 0 where |0I〉 is
the vacuum state in that region (patch). The restric-
tion of |0M〉 to region I, however, is equivalent to a ther-
mal state with temperature T = a/2pi [11, 24, 37, 40].
Specifically, it can be shown that [10]
〈0M| FˆI |0M〉 = 〈0M| fˆ†k,Ifˆk,I |0M〉
∝ 1
e2pi|k|/a + 1 . (13)
This is known as the Unruh effect and it is clear that
a non-inertial observer will see fermions in the lowest
eigenmode when an inertial observer will not. This
means that, in general, in the lattice description non-
inertial observers will observe a different value for n(t)
than inertial observers and will thus have a different
specification T for the universe at some time t. This is
clearly problematic for any theory of beables that seeks
to unambiguously specify the position of something pre-
sumably composed of fermionic matter. We note that
while it has been shown that massive Unruh particles
cannot be directly observed [27], it is presently unknown
if their presence can be indirectly inferred. As such,
the lattice fermion number density remains ill-suited as
a beable for unambiguously specifying the positions of
things in relativistic, field theoretic, and cosmological
situations.
3
3 Non-local beables
Smolin’s recognition of the need for a theory of non-
local beables was motivated by three observations [34].
First he notes that if the metric of spacetime is a quan-
tum operator and thus subject to the usual quantum
fluctuations, then locality is merely a classical approx-
imation. Non-locality must arise from quantum fluc-
tuations of the metric and there are some arguments
that non-locality must be present in quantum gravity at
large scales [30]. Second, he notes that, if space itself is
not fundamental, i.e. is emergent—something most the-
ories of quantum gravity agree on—then locality must
also be emergent. As such, space and the quantum state
emerge simultaneously, each carrying some information
about the non-local ontology.
3.1 Theory of a-local beables
Smolin notes that the only meaningful beables are those
that describe relationships between elementary events
or particles which is reconcilable with the primacy of
pointer readings. So the hidden variables do not give
a detailed description of the inner workings of, say, an
electron, for example. Rather they describe the details
of the relations between electrons and each other or be-
tween electrons and other fundamental entities in the
universe that are ignored or not obvious when coarse-
graining is applied. Since these beables are more funda-
mental than space itself, Smolin prefers the term a-local
to non-local. This leads him to propose that the fun-
damental beables are relational and ‘a-local’ and that
their fundamental description must necessarily be in a
phase from which space (and quantum theory, for that
matter) has yet to emerge. In fact space and quantum
theory are assumed to emerge at the same time. Smolin
argues that the stochasticity of quantum theory arises
from our lacking control over beables that describe rela-
tionships between a system and other, distant systems
in the universe [34]. Smolin’s proposal for a-local be-
ables, first fully described in [34], is the culmination of
the development of a broader dynamical theory of re-
lational hidden variables [1, 29, 33, 35]. While Smolin
originally presented it as a specifically bosonic model
in [33], he expresses it in more general terms in where
he outlines the full theory and first introduces the term
‘a-local’ [34].
The beables of the theory are d, N ×N real symmet-
ric matrices Xjai with a = 1, . . . , d and i, j = 1, . . . , N .
The classical, local observables corresponding to such
things as pointer readings on measurement devices, are
taken to be the eigenvalues λai of these matrices. In di-
rect analogy to Bell’s use of the lattice fermion number,
these eigenvalues are taken as corresponding to the po-
sitions of N particles in d space. The dynamics of these
matrices is given by the action
S = µ
∫
dt Tr
[
X˙2a − ω2 [Xa, Xb]
[
Xa, Xb
]]
. (14)
The matrices Xa are assumed to be dimensionless, ω
is a frequency, and µ has units of mass·length2. As
such the parameters of the theory define an energy, ε =
µω2. In this case, the N particles are free. But classical
interactions can be modeled by including a potential
V (λ) that is a function of the eigenvalues in the trace.
The theory is invariant under SO(N) transformations
Xa → UXaUT (15)
where U ∈ SO(N), and thus they constitute the gauge
transformations of the theory. As such the physical ob-
servables, corresponding to the λai , are invariant under
SO(N) transformations. The off-diagonal elements of
Xa are the non-local hidden variables of the system.
The model includes a translation symmetry that en-
sures that the center of mass momentum of the sys-
tem is conserved and defines the potential energy in a
manner such that it has its minima whenever the Xa
commute with one another in which case they can be si-
multaneously diagonalized. This is precisely what gives
the classical approximation and leads to the interpre-
tation of the eigenvalues as labeling the positions of N
identical particles in Rd.
3.2 Noncommutativity
The eigenvalues of the Xa correspond to the positions
of N objects in d space. So each individual Xa can be
thought of as a single configuration of these particles in
that space akin to Bell’s lattice fermion number den-
sity (configuration). Smolin notes that these eigenval-
ues are specifically the classical, local observables [34]
and should, thus, be distillable to pointer readings.
But, as Bell clearly notes, observables that do not all
have simultaneous eigenvalues, i.e. that do not all com-
mute, cannot be promoted to the status of beables [6].
For example, in [6] he expressly rejects energy density
T00(x) as a choice of beable precisely for this reason. As
he notes, the lack of simultaneous eigenvalues for all po-
sitions means we would need to devise some new manner
of specifying a joint probability distribution for any pair
of such observables. Recall that the purpose of a beable
is to be able to say what is rather than what is merely
observed. The idea is to be able to ‘uncover’ the hid-
den variables, ultimately allowing us to say something
for certain about the actual state of a system or of the
universe as a whole at a given time. But the poten-
tial presence of an non-commuting position observables
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precludes us from doing this. In effect, since the eigen-
values of Xa are associated with such things as pointer
positions, anytime a pair of Xa do not commute, there
must exist two such things (e.g. two pointer positions)
that cannot be simultaneously known to perfect preci-
sion which violates the very essence of a beable as set
forth by Bell.
We might be inclined to assume that all of theXa mu-
tually commute. Certainly if Smolin’s theory is entirely
classical, they should. Likewise, in orthodox quantum
mechanics, position operators mutually commute. How-
ever, it is worth noting that Smolin’s action integral
given by (16) includes a product of two commutators
of the Xa. If Smolin’s theory was entirely classical or
equivalent to orthodox quantum mechanics, there would
be no reason for these terms in the action integral to ex-
ist since they would trivially be zero. In other words,
if the Xa were all to mutually commute, then equa-
tion (16) should trivially reduce to
S = µ
∫
dt Tr
[
X˙2a
]
. (16)
Since Smolin includes the term ω2 [Xa, Xb]
[
Xa, Xb
]
in
the action integral, we can assume that some of the
Xa do not commute in which case Smolin’s theory is
unsuitable for unambiguously specifying the positions
of things.
4 Theory of global beables
We now describe a theory of global beables based on so-
lutions to the Wheeler-DeWitt equation that does not
suffer from the same problems as the theories discussed
in the previous sections. We choose the word ‘global’
since possible solutions to the Wheeler-DeWitt equa-
tion include wave functions (or, more properly, func-
tionals) of the universe. We begin by briefly reviewing
the Wheeler-DeWitt formalism before introducing the
theory.
4.1 Wheeler-DeWitt formalism
If we take spacetime as being foliated into spacelike sub-
manifolds, we can decompose the metric tensor as
gµνdx
µdxν =
(−α2 + βkβk) dt2
+ 2βkdxkdt+ γijdxidxj (17)
where α is the lapse function1, the βk are the shift func-
tions, and γij is the spatial three-metric. The usual
1We use α for the lapse function and β for the shift functions
instead of the usual N in order to distinguish these from the N
labeling the matrices in Smolin’s theory.
summation convention is assumed such that Greek in-
dices range from 0 → 3 while Latin indices range from
1 → 3. The lapse function is given as α = (−g00)−1/2
where the g00 is the usual four-dimensional value. The
shift functions are thus given as βk = g0i where, again,
these are elements of the usual four-dimensional met-
ric. The spatial three-metric is therefore γij = gij . In
the Hamiltonian formulation that follows, the spatial
three-metric serves as the set of generalized coordinates
to which we can associate conjugate momenta piij . We
define R = (3)R where (3)R is the three-dimensional
Ricci scalar. The Hamiltonian is then a constraint given
by
H = 12√γGijklpi
ijpikl −√γR = 0 (18)
where γ = det (γij) and Gijkl = (γikγjl+γilγjk−γijγkl)
is the Wheeler-DeWitt metric on superspace which is
the space of all three-geometries. We can quantize this
by employing the ADM formalism [2] which allows us
to turn the momenta and field variables into operators
such that the Hamiltonian operator becomes
Hˆ = 12√γ Gˆijklpˆi
ij pˆikl −√γRˆ (19)
where, in position space, the generalized coordinates
and their conjugate momenta are
γˆij(t, xk)→ γij(t, xk); and
pˆiij(t, xk)→ −i δ
δγij(t, xk)
(20)
respectively. The Hamiltonian is not, however, ap-
plied to the usual wave function. Instead it is applied
to a wave functional Ψ(γ) of field configurations de-
fined on the spatial three-metric. The Hamiltonian con-
straint (18) necessarily implies, then, that
HˆΨ(γ) = 0 (21)
or, more familiarly
Hˆ(x) |ψ〉 = 0 (22)
which is known as the Wheeler-DeWitt equation [12,
13]. Here Hˆ(x) is a Hamiltonian constraint, of which
there are technically an infinite number, and |ψ〉 is re-
ferred to as the wave function of the universe even
though it is more properly a state vector. Since Ψ(γ) is a
functional of the field configurations defined on the spa-
tial three-metric alone, the Hamiltonian no longer de-
termines time evolution and thus the usual Schro¨dinger
equation does not apply. Specifically Ψ(γ) contains all
of the information about the matter and geometry con-
tent of the universe for a given hypersurface defined by
the three-metric [25].
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The Hamiltonian in the Wheeler-DeWitt equation,
unlike the case in typical quantum field theory or quan-
tum mechanics, is a first class constraint on physical
states which is a dynamical quantity in a constrained
Hamiltonian system whose Poisson bracket with all
other constraints must vanish on the constraint surface
in phase space [18]. For example, due to the invari-
ance of the wave functional under spatial diffeomor-
phism, the Wheeler-DeWitt equation is typically ac-
companied by a momentum constraint, Pˆ (x) |ψ〉 = 0.
Thus, because the Hamiltonian is a first class constraint,
{Pˆ (x), Hˆ(x)} = 0.
4.2 Global beables
We wish to construct a theory of global beables guided
by the Wheeler-DeWitt equation that does not suffer
the same fate as Bell’s and Smolin’s theories but that
still endeavors to make the concept ‘positions of things’
more precise. Since we technically have an infinite num-
ber of Hamiltonian constraints due to the infinite de-
grees of freedom of the phase space, we do not appear to
be much closer to a useful and unambiguous definition
of the ‘positions of things’ in real, physical space. But,
as it turns out, we can reduce the number of Hamilto-
nian constraints to just one by making a minisuperspace
approximation [13, 25, 39].
In any dynamical model, positions change over time.
But in the model we will consider here, time is simply a
manner by which we can order the spacelike submani-
folds, i.e. the hypersurfaces defined by the three-metric.
In other words, four-dimensional spacetime is foliated
into three-dimensional spacelike surfaces ordered over
the fourth dimension (time). For our model, we assume
that each spacelike surface is a specific closed three-
sphere on which the matter field is fixed. Transitions
from one three-sphere to another take the place of time
evolution in this model. For example, suppose that
the total classical action for some particular metric g
coupled to a scalar field φ is S[g, φ]. The quantum-
mechanical amplitude for the occurrence of a particu-
lar spacetime and thus field history is exp(iS[g, φ]). In
analogy to the usual propagator 〈x′′, t′′|x′, t′〉 and re-
calling that the spatial three-metric is γij = gij , the
transition amplitude between any pair of three-spheres
is [25]
〈γ′′ij , φ′′|γ′ij , φ′〉 =
∫
δgδφ eiS[g,φ] (23)
where the integral is over all four-geometries and field
configurations that match the given values on the two
three-spheres. In Smolin’s model, evolution occurs ex-
plicitly according to the Schro¨dinger equation. But
in this model, there is no evolution, strictly speaking.
Rather (23) more correctly describes the amplitude for
a certain three-geometry and an associated field to be
fixed on any pair of three-spheres. The wave functionals
are then defined as
Ψ[γij , φ] =
∫
C
δgδφ eiS[g,φ] (24)
where the integral is over a class C of spacetimes with
a compact boundary on which γij is the induced metric
and φ is the field configuration on that boundary. One
can also show that because we expect in gravity to find
the field equations satisfied as identities, then∫
δgδφ Hˆ(x) eiS[g,φ] = 0 (25)
for any class of geometries summed over and for any in-
termediate three-sphere on which Hˆ(x) is evaluated. In
order to specify a particular state of the universe, the
details of the class C must be specified. Therefore, if
the universe is in a quantum state specified by a par-
ticular state vector and corresponding wave function,
then that wave function describes the correlations be-
tween observables to be expected in that state. As such,
like Hartle and Hawking, we restrict the geometrical
degrees of freedom to spatially homogenous, isotropic,
closed universes with S3 topology (i.e. closed three-
spheres) and the matter degrees of freedom to a single,
homogenous, conformally invariant scalar field with the
cosmological constant assumed to be positive. Our aim
is to consider what it means to specify the ‘positions of
things’ in such a model and we refer the reader to [25]
for the full mathematical formalism of the minisuper-
space model.
In order to specify the ‘positions of things’ we first
must specify both what we mean by ‘position’ and what
we mean by ‘thing.’ Since Bell’s aim in developing the
concept of beables was to account for positions of such
classical things as instrument pointers, we will assume
that Bell was referring to things that were constructed
of ordinary matter. As such, the ‘things’ in this model
are represented by the matter field φ. In Bell’s fermionic
model, the three-space continuum was replaced by a
dense but discrete lattice. In the minisuperspace model,
however, we retain the three-space continuum and its
form is specified by the induced metric γij where the
induced metric takes the place of the discrete lattice.
Thus, specifying the ‘positions of things’ entails map-
ping the matter field onto the metric which amounts
to jointly specifying a field configuration and a metric
(i.e. a three-sphere) via a state vector |γij , φ〉 or its as-
sociated wave functional Ψ(γij , φ). Thus, if the beables
must specify the positions of things, then jointly speci-
fying the field configuration (‘things’) and the induced
metric on which the field is specified (‘positions’) ac-
complishes this task. Thus the state vector |γij , φ〉 or
6
its associated wave functional Ψ(γij , φ) is a beable. The
set of all such state vectors or wave functionals, which
are operationally equivalent, are the beables of our the-
ory.
It is worth comparing |γij , φ〉 to Bell’s lattice
fermion number density, n(t), and Smolin’s symmet-
ric matrices,Xα. In Bell’s model, the n(t) ostensibly
give the positions of things such as pointers or anything
else consisting of ordinary matter in an unambiguous
manner. But as we have shown, it is unsuitable as a
beable due to the fact that non-inertial observers will
find a different value for n(t) than inertial observers.
Conversely, in Smolin’s theory, the beables are a set of
real, symmetric matrices Xα whose eigenvalues corre-
spond to the positions of things. However, the Xα do
not commute.
By contrast, in our theory, the beables are the set of
all state vectors or wave functionals that are solutions
to the Wheeler-DeWitt equation. Since these solutions
contain the complete distribution of the matter field for
a given three-sphere along with the geometry of space
itself (something Bell’s theory does not include), they
unambiguously specify the position of every bit of mat-
ter on a given three-sphere without any need for mea-
surement. There simply is no measurement problem
since there is no measurement being made. The state
of the universe for a given three-sphere is fully specified.
On the other hand, this does assume that there is
only one correct mapping of the matter field to each
three-sphere and does not explicitly take into account
any backreaction. One way to circumvent this problem
is to adopt a view similar to Everett’s such that all pos-
sible mappings are equally correct and, in some sense,
real. This is not quite the same thing as Everett’s orig-
inal approach, however, which was actually based on
solutions to the Schro¨dinger equation and thus explic-
itly included time evolution [14–16, 21, 22]. The two
approaches are only approximately equivalent when the
Wheeler-DeWitt equation is applied to small subsys-
tems through a suitable WKB approximation within the
minsupserspace model, in which case the Schro¨dinger
equation is obtained [38]. Nevertheless, taking all pos-
sible mappings as equally correct is very much in the
spirit of Everett and can be interpreted in a similar
manner (i.e. as a collection of universes).
4.3 Deterministic constraints
Nothing in the above suggests that there is any pre-
ferred foliation. If we were to limit ourselves to a single
subset of possible mappings of the matter field to the
geometry (i.e. a single universe within an Everett-like
model) we still would not necessarily have a preferred
foliation. A preferred foliation implies that the subset
of three-spheres be ordered in some way. The only way
to force order on a set of states in this model is to re-
quire that the transition amplitude between any pair
of three-spheres be either unity or zero—such a transi-
tion is either allowed or it is not. In other words, for a
subset of allowed three-spheres to be ordered the tran-
sition amplitude between any pair is either allowed, if
they are adjacent in the order, or not allowed. This can
be expressed in the form of an added constraint on (23),∫
δgδφ eiS[g,φ] ∈ {0, 1} for all |γij , φ〉 . (26)
It is worth noting, here, that we are assuming that the
Wheeler-DeWitt approach is fundamentally a path inte-
gral approach. The implications of such an assumption
are discussed in [28].
Recall that in the theory of local beables, beables
defined on some bounded set Q = {x, t} of spacetime
coordinates were determined by those corresponding to
any spacelike slice X of the spacetime region R that
fully encloses the past light-cone of Q (see Section 2
and Fig. 1). Bell referred to this condition as local de-
terminism. This suggests that determinism inherently
includes some idea of order in the sense that time is
a label of spacelike slices such that those slices must
occur in a given order for the theory to be considered
deterministic. For example, consider a set of beables
defined on some bounded set Q = {x, t} of spacetime
coordinates where the beables are assumed to be de-
termined by those corresponding to any temporal cross
section (i.e. spacelike slice) X of the spacetime region
R that fully encloses the past light-cone of Q where X
is a subset of R corresponding to all possible values of x
associated with the value tX . The beables defined on Q
are, of course, also assumed to be determined by those
corresponding to a different spacelike slice X ′ that is
also a subset of R as shown for a single spatial dimen-
sion, x, in Fig. 2. This follows from the fact that where
we drew X in the first place was simply restricted to
intersecting the past light-cone of Q. Exactly where it
intersected the past light-cone of Q was not specified.
Thus the beables defined on Q are determined both by
those defined on X as well as those defined on X ′. But
notice that any beables defined on the spacelike slice X ′
are also determined by those associated with X since X
intersects the past light-cone of every point on X ′. In
other words, beables associated with X determine both
the beables associated with X ′ as well as those associ-
ated with Q. But the converse is not true, of course.
Thus any ordering of the spacelike slices is necessarily
deterministic. In fact the ordering of the set of all such
spacelike slices defines the past and future light-cones
of Q.
In a global theory of beables based on the Wheeler-
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Figure 2: Beables associated with the bounded region of space-
time Q are determined by those associated with any temporal
cross-section (i.e. spacelike slice) X of region R that fully en-
closes the past light-cone of Q. Likewise, they are determined
with any spacelike slice X ′ that also fully encloses the past
light-cone of Q.
DeWitt model there is no ‘past’ light-cone, strictly
speaking, since time is treated as a label that we use
to order the three-spheres. Each three-sphere is techni-
cally a set of all spatial coordinates along with a metric.
The metric defines the relations between the spatial co-
ordinates, i.e. the geometry, and thus differentiates one
three-sphere from another. Each three-sphere is thus
a global representation of a spacelike slice in the local
theory. This suggests, then, that in analogy with lo-
cal determinism, any ordering of three-spheres must be
deterministic.
It is worth emphasizing the implications of this. As
we have shown, a preferred foliation of the three-spheres
implies that the theory is deterministic. In canonical
gravity, a local time direction, which corresponds to an
ordering of the spacelike slices as we have noted, is not
compatible with local Lorentz invariance. One assumes
that this holds globally as well. If that is true, then it
would appear that in any theory of the universe that is
describable by state vectors or wave functionals on all
of space, Lorentz invariance is incompatible with global
determinism. This does not suggest that we cannot find
a suitable beable for unambiguously determining the
positions of things. It merely suggests that we cannot
do so within the confines of a globally deterministic sys-
tem. The only other solution to this problem might be
to assume that all possible foliations exist. This would
be in addition to assuming that all possible mappings
of the matter field to the geometry exist. As such, there
would have to be some duplication of three-spheres, e.g.
a particular pair of three-spheres might exist in a certain
order in one foliation but in another order in a differ-
ent foliation. Allowing for all possible foliations, then,
might allow for the compatibility of Lorentz covariance
and determinism.
5 Analysis
We have proposed a theory of global beables—
objectively known properties of the universe—aimed at
making the concept ‘positions of things’ more precise in
a universal sense. Our theory, like Bell’s and Smolin’s,
circumvents the problem of local causality pointed out
by Healey [26]. It does not suffer from the problem of
the Unruh effect that proves problematic for Bell’s the-
ory, or the problem of non-commutativity that proves
problematic for Smolin’s theory, but at the expense
of introducing a preferred foliation of space-like three-
spheres. On the other hand, it also makes it clear that
any theory that employs a universal state vector or wave
functional as a beable cannot simultaneously be both
Lorentz covariant and deterministic. In addition, the
Hartle-Hawking minisuperspace model includes situa-
tions in which the universe can quantum mechanically
tunnel between two states which also could potentially
be a problem for determinism. As such the problems
with determinism may be related to the minisuperspace
approximation itself. Of course, we could, in theory,
choose to abandon the idea of a global Lorentz covari-
ance altogether, or we could just as easily choose to
abandon determinism. This problem might be circum-
vented if we choose to assume that all possible foliations
exist, but this is at the expense of duplicating three-
spheres and requires an Everett-like interpretation. On
the other hand, it may be the case that spacetime re-
ally is quantizable and discrete in which case an entirely
different approach would be required. Nevertheless, it
is instructive to elucidate this connection and, in doing
so, we perhaps come a bit closer to understanding just
what it means to unambiguously specify the positions
of things in the manner of Bell.
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